Metabolic syndrome (MetS) is a cluster of risk factors (i.e., abdominal obesity, hypertension, dyslipidemia, glucose and insulin dysregulation) that is associated with cardiovascular disease, diabetes, and dementia. Recent studies addressing the association of MetS with cognitive performance and risk for dementia report mixed results. An important step in clarifying these conflicting results is determining whether cognition is influenced by the effects of individual MetS components versus the additive effects of multiple components. We assessed the effect of MetS on cognitive performance and decline over two years in 75 cases of early Alzheimer's disease (AD) and 73 healthy older adult controls in the Brain Aging Project. Using factor analytic techniques, we compared the effect of a combined MetS factor to the effect of individual MetS components on change in attention, verbal memory, and mental status. In healthy controls, a combined MetS factor did not significantly predict cognitive performance, though higher insulin predicted poorer cognitive performance outcomes. In the AD group, higher scores on a combined MetS factor predicted better cognitive outcomes. Our findings suggest that MetS does not have the same association with cognitive decline in healthy older adults and those with early AD. We suggest that individual MetS components should not be evaluated in isolation and that careful methodological approaches are needed to understand the timing and non-linear relationships among these components over time.
INTRODUCTION
Alzheimer's disease (AD) research has increasingly focused on methods of early detection and prevention. Modifiable risk factors for cognitive decline and dementia are the targets for earlier interventions to delay or prevent the disease process. Lifestyle factors in mid-and late-life, such as diet and exercise, are related to several biological mechanisms assumed to play a role in the development of AD including obesity, diabetes, and chronic inflammation [1] [2] [3] [4] . Metabolic syndrome (MetS) is a cluster of risk factors including abdominal obesity, hypertension, lipid abnormalities, and impaired metabolism of glucose and insulin that is associated with cardiovascular disease, diabetes, and dementia [5] [6] [7] [8] [9] [10] .
Recent studies addressing the association of MetS with cognitive performance and risk for dementia report mixed results. In several studies, individuals meeting National Cholesterol Education Program (NCEP) criteria for MetS have had poorer cognitive performance [11] [12] [13] [14] , while other studies showed no association with dementia and cognitive performance [15] [16] [17] [18] or even reduced risk of AD and decelerated cognitive decline in individuals over age 75 [12, 19] . A recent review by Crichton et al. evaluated evidence from 19 studies regarding the relationship between MetS, cognition, and risk for dementia [20] . They concluded that clarifying the meaning of mixed findings requires researchers to address several methodological limitations by including new approaches to measurement of MetS and cognitive performance, and explicitly evaluating the effects of individual MetS components versus a combined or additive effect. We offer the additional hypothesis that the relationship between MetS and cognitive performance depends on cognitive disease status and may be better reflected in changes over time than at a single point in time. In the following paragraphs, we introduce each of these issues and describe our approach for addressing them in the current investigation.
The NCEP defines MetS as meeting cutoffs for three of more of the following risk determinants: waist circumference >102 cm for males, or >88 cm for females, triglyceride levels ≤ to 150 mg/dL, HDL cholesterol <40 mg/dL for males, or <50 mg/dL for females, blood pressure ≤130/85 or current use of antihypertensive medications, and fasting glucose ≤110 mg/dL. To clarify whether individual MetS markers increase or decrease risk for cognitive decline, Crichton et al. [20] recommend using precise levels of biomarkers instead of categorical (yes/no) cutoffs that are typically used such as the NCEP criteria. Cutoffs are somewhat arbitrary as individuals just above or just below the cutoffs may be more alike than different. Furthermore, standardized cutoff scores do not reflect elevations from an individual's own baseline biomarker levels. To address this in the present study, we report a comparison of results using cutoffs for NCEP criteria to results using continuous biomarker levels.
A wide variety of cognitive tests has been used to evaluate the effect of MetS on cognitive performance. Because individual cognitive tests often measure multiple cognitive domains, they are frequently categorized differently across studies. Thus, it is very difficult to compare results across studies regarding which cognitive domains are affected by MetS. To address this limitation and evaluate the specific cognitive abilities most influenced by MetS, Crichton et al. [20] recommend using factor analysis of tests of cognitive performance. This approach improves measurement accuracy by using multiple measures of cognitive abilities. Factor analytic techniques aggregate common variance across multiple subtests and attenuate error idiosyncratic to the individual tests. Factor scores yield more sensitive and specific estimates of cognitive ability than do traditional analyses of raw scores or scaled score composites because they are purer indices of ability [21] . Following the recommendations of Crichton et al. [20] , we used a factor analytic model of cognitive performance scores.
only the effects of individual MetS components, a few studies report that a greater number of abnormal MetS components is associated with poorer cognitive performance [13, 15] . For example, Gatto and colleagues [15] reported that meeting cutoffs for an increasing number of individual MetS components was associated with a trend for poorer cognitive performance, though Cavalieri et al. [13] found this relationship only in men. In the current report, we directly tested competing hypotheses about the additive effect of the hypothesized metabolic syndrome versus the effect of individual components. Following the recommendations of Crichton et al. [20] , we used a factor analytic model to represent the combined influence of MetS components on cognitive performance and decline. This approach estimates the relative contribution of each item to the overall factor and combines them according to their relative weight. We then compared these results to the traditional method of testing individual MetS items in a multiple regression framework.
No published studies have examined whether MetS components cluster together in the same fashion in healthy older adults and those with AD, although there may be reason to suspect they are different. Higher insulin and higher blood pressure may predict better cognitive performance in individuals with dementing illness [22, 23] , the opposite of what is expected in healthy older adults. Losses in body mass preceding dementia diagnosis [24, 25] also reflects a counterintuitive process compared with the risks associated with high body mass index in healthy middle-aged adults. Higher levels of cholesterol in late life may be associated with reduced risk for dementia, in contrast to mid-life studies reporting that high cholesterol increases risk for dementia [26] . Changes in the pattern of MetS clustering could indicate a clinically relevant change in the process of conversion to dementia. Few previous studies of MetS and cognition have used longitudinal designs [12, 27, 28] , preventing conclusions from being drawn regarding the role of MetS in cognitive decline over time or conversion to dementia. To address this limitation of the existing literature, the current study reports the comparison of these relationships in healthy older adult controls and individuals with early AD over a two year follow up.
Our study aimed to address gaps in the literature by 1) comparing the effects of individual MetS components versus a combined MetS factor on cognitive performance, 2) assessing the comparability of the MetS factor in healthy older adults and individuals with early AD, and 3) assessing the effect of MetS on change in cognitive performance over a two year follow up. To explain conflicting reports that metabolic syndrome increases, decreases, or has no impact on cognitive decline and risk for dementia, we hypothesized that the relationship between MetS components and cognitive performance depends on disease status.
MATERIALS AND METHODS

Sample and recruitment
Data used in the present analyses were collected from participants enrolled in the longitudinal Brain Aging Project at the University of Kansas Alzheimer and Memory Program who had tests of markers of metabolic syndrome and completed standardized neuropsychological testing at baseline and two years later. All study procedures were conducted in accordance with the Helsinki Declaration of 1975 and approved in compliance of the ethical standards of the University of Kansas Medical Center Institutional Review Board. Informed consent was obtained for all participants prior to enrollment into the study. Clinical assessment included dementia diagnosis and staging, cognitive testing, and collection of MetS biomarker data, as previously described [29] . Briefly, dementia status of the participant was based on an in-depth clinical evaluation and interview with the participant and a study partner with whom they had regular contact. Participants were classified as having AD if they met established diagnostic criteria: gradual and progressive impairment in memory and at least one other cognitive or functional domain [30] . The clinical evaluation included the Clinical Dementia Rating (CDR) [31] . The CDR evaluates cognitive function in each of six categories (memory, orientation, judgment and problem solving, performance in community affairs, home and hobbies, and personal care) without reference to psychometric performance or results of previous evaluations. CDR 0 indicates no dementia, and CDR 0.5, 1, 2, or 3 correspond to very mild, mild, moderate, and severe dementia. Our method of diagnostic classifica-tion follows the recommendations of Morris et al. [32] and Storandt et al. [33] . These methods have a diagnostic accuracy for AD of 93% and have been shown to be accurate in identifying the subset of individuals meeting criteria for mild cognitive impairment (MCI) who have early-stage AD [32, 34] . Although some of our participants may have met classification criteria for MCI, we only enrolled individuals who demonstrated intra-individual decline and interference with daily function consistent with a clinical diagnosis of AD.
All healthy older adult controls (n = 73 at baseline) were without evidence of functional cognitive impairment (CDR 0) at both time points. At baseline, AD participants (n = 75) had very mild or mild dementia (CDR 0.5 or 1). On average, AD patients demonstrated one-third of a point increase in CDR stage (increased severity) two years later. AD participants were recruited largely by media appeals and from a referral-based memory clinic. All healthy older adult control participants were recruited by self-referral in response to media coverage and word of mouth. Study exclusions at baseline include diabetes mellitus (clinical diagnosis, use of an anti-diabetic agent, or 2-hour post-load serum glucose) and unstable ischemic heart disease within the last 2 years as previously described [29] . As MetS is a premorbid condition rather than a clinical diagnosis, its definition should not include individuals with established diabetes [35] .
Clinical assessment
A trained psychometrician administered a standard psychometric battery [29] Biomarker collection included traditional measures of MetS: systolic and diastolic blood pressure, glucose and insulin area under the curve, triglycerides, HDL cholesterol, body mass index (BMI), and waist circumference. Body mass was measured by scale and height was measured using a standard stadiometer. BMI was determined by dividing total body mass (in kg) by the square of height (in meters). The average of three measures of waist circumference was used (in cm). Blood pressure was assessed using the average of two measurements using a manual cuff on the left arm. Laboratory assessments included a 14-sample intravenous glucose tolerance test (IVGTT) performed at 8 : 30 AM after a 12-hour overnight fast. An intravenous glucose bolus of 0.3 g/kg body weight was delivered and blood samples were drawn over three hours [29] . The total areas-under-the-curve (AUC) for insulin and glucose were determined by the trapezoidal rule [36] . Serum insulin was measured by radioimmunoassay (Diagnostic Systems Laboratories, Webster, TX) with a sensitivity of 1.3 mU/L. Fasting venous blood samples were assessed using commercial enzymatic assays for total cholesterol and high density lipoprotein cholesterol (Diagnostic Chemicals, Ltd.) and triglycerides (Roche Diagnostic Systems). APOE genotyping results were obtained using restriction enzyme isotyping.
Statistical analysis
Cognitive test scores and individual MetS components were standardized relative to the mean of the baseline healthy older adult controls [37] . Therefore, scores for individuals with early AD represent the distance between the raw score and the mean of a healthy older adult control in units of the standard deviation (SD = 1). When scores for early AD patients are negative it indicates they are below the mean for healthy older adult controls. When positive, they are above the mean for healthy older adult controls. Thus, all indices of change can be interpreted relative to a cognitively normal aging process. As several of the MetS variables were non-normally distributed, we followed standard practice for correction of skewed distributions that violate assumptions of normality by using logarithmic transformation for insulin, glucose, BMI, and triglycerides. For descriptive purposes, we calculated the percent of cases and controls meeting NCEP criteria for metabolic syndrome [38] .
Confirmatory factor analysis
We conducted confirmatory factor analysis (CFA) using Mplus [39] to evaluate the factor structures of MetS components and tests of cognitive performance. This approach offers improved measurement accuracy by aggregating common variance across multiple subtests and attenuating error idiosyncratic to the individual items. In accordance with guidelines for proper execution of CFA techniques, we applied theoretical reasoning and well-established clinical observation to the practice of selecting variables to include, testing models, and interpreting the results [40] .
Goodness-of-fit was evaluated based on root mean square error of approximation (RMSEA) which is a measure of discrepancy between predicted and observed model values; values closer to 0 indicate better fit (preferred values <0.09). We also report the comparative fit index which estimates the relative fit of a model compared to an alternative model (CFI, >0.90 indicates good fit). We used full information maximum likelihood algorithm to account for missing data.
We used multiple-group tests of invariance to determine whether the cognitive and MetS factors differed between the early AD and healthy older adult groups. Tests of measurement invariance evaluate the degree to which measurements conducted in different groups of people (or at different points in time) reflect measurement of the same attributes [41] . The test of weak invariance is the least restrictive. Good fit indicates that the groups share the same factor structure and the same factor loadings. The test of strong invariance requires all assumptions for weak as well as the same item intercepts across groups. We evaluated changes in goodness-of-fit indices using a table of significant change in chi-square and using a change in RMSEA >0.01 as an indicator of significant change based on the research of Cheung and Rensvold recommending this as an appropriate cutoff point for testing measurement invariance [42] .
Step one: Factor analysis of metabolic syndrome
We hypothesized that a single common factor would best describe the relationship among components of MetS: systolic and diastolic blood pressure, glucose and insulin area under the curve, triglycerides, HDL cholesterol (reverse scored), BMI, and waist circumference. For these analyses, we used the full continuous ranges of each variable rather than the dichotomous NCEP cutoffs. We allowed correlated error terms for BMI with waist circumference and systolic with diastolic blood pressure. We then conducted multiple group tests of invariance as described above to determine whether the MetS factor differed between the early AD and healthy older adult groups.
Step two: Factor analysis of cognitive performance
We used a subset of six cognitive indices from a larger cognitive battery. We hypothesized a two factor structure (attention and verbal memory) with cognitive tests loading on each factor. We allowed correlated error terms for logical memory tests I & II (immediate & delayed).
Factor analysis was used to evaluate what individual tests had in common, rather than what they did not share. This common quality is reflected in the cognitive factor scores that were used in our statistical analyses. The factor weights estimated from the factor analysis were converted to cognitive factor scores that were used in subsequent analyses. Rather than assuming that all cognitive tests were equal contributors to the domains of verbal memory or attention, factor analysis was used to estimate the relative importance and measurement error associated with each individual cognitive test. These estimates (factor weights) were used to create a weighted factor score combining individual tests together into a single score. For example, a factor score for verbal memory contains the scores for each individual test weighted by its relative contribution to verbal memory and adjusted for the measurement error associated with each test. These cognitive domains have been shown to be sensitive to AD-related changes over time [43] . We used multiple-group tests of invariance, as described above, to determine whether the cognitive performance factors differed between the early AD and healthy older adult groups and whether the factors were identical at baseline and at the two year follow up.
Step three: Predicting cognitive performance from the combined MetS factor
To estimate the effect of the combined MetS factor we used structural equation models (SEM) in which the MetS factor predicted cognitive factor scores for attention and verbal memory, MMSE, and change in each. We used SEM to test the relationships between the factor analytically derived scores for cognitive performance and MetS that could not be tested in a traditional regression model. Change in cognitive scores was assessed by subtracting the baseline score from the follow up score. Although this method does not in itself account for the relationship between baseline cognition and amount of change, cognitive scores were standardized to the mean performance on healthy older adult controls at baseline. All models were adjusted for age in years, gender, number of years of education, and APOE ε4 carrier status.
Step four: Predicting cognitive performance from individual MetS components
To address the issue of individual versus additive effects of metabolic syndrome components, we conducted multiple regression analysis to determine whether individual MetS components were better predictors of cognitive scores than a MetS factor. We estimated the effects of individual metabolic syndrome components on cognitive performance at baseline and follow up and two year change adjusting for age, gender, years of education, and APOE ε4 carrier status. All MetS components were entered into the equation simultaneously. Separate analyses were conducted for healthy older adult controls and individuals with early AD. Regression coefficients were estimated using bootstrap estimation (5,000 resamples) and 95% confidence intervals. For comparison purposes, we also evaluated the differences between those with MetS and without as defined by the NCEP-III criteria. We used t-tests to evaluate mean differences in cognitive factors scores and mental status for those meeting NCEP-III criteria for MetS and those not meeting the criteria. In an exploratory analysis to examine the role of APOE ε4 carrier status, we conducted these regressions again dividing the sample into carriers and non-carriers. Table 1 summarizes characteristics for healthy older adult controls and individuals with early AD. Prevalence of MetS according to NCEP ATP-III criteria [43] was 33% (n = 24) in the healthy older adult control group and 33% (n = 25) in the early AD group. Prevalence did not differ statistically between the groups (p = 0.86).
RESULTS
Step one: Factor analysis of metabolic syndrome The one factor model fit the data in both groups (Controls X 2 /df = 22/18; CFI = 0.97; RMSEA = 0.06 and Early AD X 2 /df = 27/18; CFI 0.94; RMSEA = 0.08). While all the measures loaded adequately on the factor in the healthy older adult controls group, two items did not load in the early AD group: systolic blood pressure and glucose (Table 2) . We tested invariance of this structure in the two groups and found the groups were equivalent at the level of strong invariance with the exception that the intercept for systolic blood pressure could not be equated between the two groups ( Table 2 ). This is reflected in the significant mean difference in systolic blood pressure between the groups in Table 1 .
Step two: Factor analysis of cognitive performance A two factor model of cognitive performance (attention and verbal memory) provided a good fit to the data (X 2 /df = 7/7, CFI = 0.99, RMSEA = 0.03). The healthy control and early AD groups were equivalent at the level of strong invariance with the exception that the intercept for digit symbol differed between the two (Table 3 ). This particular test may differ in the two groups because the digit symbol test is highly sensitive to neuropsychological dysfunction [44] . An identical factor structure fit the cognitive data at the two year follow up (X 2 /df = 42/20, CFI = 0.98, RMSEA = 0.09).
Step three: Predicting cognitive performance from the combined MetS factor Using SEM, we used the MetS factor to predict cognitive factor scores for attention and verbal memory, MMSE, and change in each. All models were adjusted for age, gender, education, and APOE ε4 carrier status (Table 4 ). In the healthy older adult controls, a combined MetS factor at baseline did not predict cognitive performance or change in cognitive performance. In the early AD group, a higher combined MetS factor score at baseline was associated with better cognitive performance on attention and verbal memory at the two-year follow up and a trend for better MMSE score at the two year follow up. Although higher combined MetS was statistically associated with shallower declines in cognitive performance before adjusting for APOE ε4 carrier status, the relationship was no longer significant once carrier status was added to the model. A higher combined MetS factor score indicates higher levels of the individual indicators weighted by their individual contributions to the shared factor variance.
Step four: Predicting cognitive performance from individual MetS components
Using multiple regression analysis, we used the individual MetS components to predict cognitive factor scores for attention and verbal memory, MMSE, and change in each. All models were adjusted for age, gender, education, and APOE ε4 carrier status (Table 5 ). In the healthy older adult controls, higher insulin at baseline predicted greater declines in verbal memory and a trend for greater declines in attention over the two year follow up. Higher HDL cholesterol was associated with greater declines in attention and a trend for declines in verbal memory over two years. Note that HDL is reverse scored such that a higher HDL level indicates lower HDL ("worse") levels to be in the same direction as the other components. In the group with early AD, higher insulin at baseline predicted a trend toward better performance on attention at baseline and better verbal memory performance at follow up. Higher baseline levels of glucose predicted greater declines in attention over the 2 year follow up.
We conducted analyses to further examine the role of APOE ε4 carrier status on the relationship between individual MetS components and cognitive performance. In the healthy older adult controls, the relationship between higher insulin and greater cognitive decline was confirmed in non ε4 carriers (verbal memory β = −0.599, p = 0.022; attention β = −0.511, p = 0.033) whereas it was not found in ε4 carriers (β = 0.324, p = 0.592; attention β = 0.301, p = 0.845). Lower HDL cholesterol was associated with worse baseline MMSE performance only among non ε4 carriers (β = −0.511, p = 0.027) not in e4 carriers (β = −0.452, p = 0.109). By contrast in the early AD group, higher levels of insulin at baseline were associated with better baseline attention in ε4 carriers (β = 0.629, p = 0.005), but not in non ε4 carriers (β = −0.253, p = 0.553). In early AD patients, decline in attention was predicted by higher baseline levels of glucose ( An increasing number of components for which NCEP criteria were met was associated with a non-significant trend for poorer baseline attention performance in healthy controls (β = −0.217, p = 0.066), but did not show this trend for any other cognitive measure, or at follow up in the healthy controls (β range −0.155 to 0.163, all p > 0.191). In those with early AD, a higher number of NCEP criteria met was associated with a trend for less steep declines in attention over two years (β = 0.223, p = 0.087), which became stronger after adjusting for APOE ε4 carrier status (β = 0.261, p = 0.052). This trend was not found for other cognitive measures, or at other time points (β range −0.071 to 0.077, all p > 0.590).
DISCUSSION
Our findings suggest that MetS may not have the same association with cognitive decline in healthy older adults and those with early AD. In healthy older adult controls, MetS did not predict cognitive decline, while in those with early AD a higher MetS score predicted better cognitive performance and less cognitive decline. Past research has shown that in adults over age 75, MetS is associated with better cognitive performance and reduced risk of dementia, contrary to the findings at younger ages [12, 19] . If the relationship between MetS and cognitive function is not linear, timing of measurement would be an essential feature of understanding this relationship. In mid-life, elevated levels of biomarkers may be causal indicators of the onset of a disease process, whereas, in old age, biomarkers are more likely signs of disease rather than causal indicators. After disease processes have developed for decades, systems are dysregulated and fail to maintain homeostasis. This dysregulation may be reflected in biomarker levels that are higher than or lower than normal levels [44] . This does not necessarily imply that hypertension or diabetes are healthy conditions in old age, merely that low or dysregulated levels of blood pressure or insulin may also indicate poor cognitive function. Similarly, with early AD patients, biomarkers may reflect a dysregulation that is a sign of disease, not a cause of disease. For example, systolic blood pressure levels were significantly higher in the early AD group. Glucose and systolic blood pressure did not cluster together with the other indicators of MetS in early AD as they did in the healthy older adult controls. Thus, elevation in glucose and systolic blood pressure is uncorrelated with elevation in the other MetS indicators in this group. This supports the notion that these indicators function as signs of dysregulation of systems in early AD.
The typical approach to measuring MetS uses cutoff scores that do not reflect changes in these biomarker values that occur with age or disease status. Using this approach to measure the relationship between MetS and cognitive function may not adequately reflect the nonlinear relationship and lack of uniformity across groups. Using continuous measures allows a better understanding of the shape and distribution of change over time. Furthermore, the typical approach gives equal weight to each individual component without evaluating whether some may play a more prominent role. A factor analytic approach estimates the relative contribution of each individual indicator and weights them accordingly. Using the traditional NCEP criteria (i.e., sum of the items meeting yes/no cutoffs) we did not find a relationship between MetS and cognitive performance in either group, which is similar to several previous studies [15] [16] [17] [18] . When we used factor analysis, we found a relationship between elevated levels of MetS markers and better cognitive performance in early AD, a key contribution of the present research.
When evaluating the effects of individual MetS components, insulin was the most consistent predictor of cognitive performance and decline in both groups, but in opposite directions. In healthy controls, higher insulin predicted more rapid declines in attention and verbal memory over two years. By contrast in those with early AD, higher insulin predicted better cognitive performance. In our sample, insulin was likely driving the relationship between the combined MetS factor and cognitive performance in early AD. The finding that insulin is independently associated with cognitive performance is consistent with numerous previous studies suggesting that insulin resistance, even in non-diabetics, is associated with risk of cognitive decline, dementia, and brain atrophy [22, [45] [46] [47] [48] . In individuals with AD, insulin has been associated with cognitive outcomes in the opposite direction from what is expected in healthy older adults [22, 23] . AD patients with type 2 diabetes may have slower rates of cognitive decline than non-diabetic AD patients [49] . Insulin signaling may affect brain health in a disease specific manner or insulin signaling may be affected by changes in the AD brain. It remains unclear whether altered insulin signaling contributes to the development and progression of AD or whether insulin regulation changes are the result of AD brain changes. Pilot trials of intranasal administration of insulin suggest promise for improvement of cognitive symptoms and modulation of amyloid-β in individuals with amnestic MCI and AD [50, 51] .
While insulin was the strongest and most consistent individual component, our findings suggest that individual MetS components should not be evaluated in isolation. The relationship between insulin and cognitive outcomes was dependent on APOE carrier status, suggesting that insulin is not acting alone but interacts with other components [52] [53] [54] . Several other indicators were independently associated with cognitive performance including cholesterol, blood pressure, glucose, and body mass index and not always in a linear direction. Similar to previous research [15] , we found that an increasing number of individual MetS components was associated with a trend for worse performance in one cognitive domain for healthy controls, but uniquely, we found a trend for less steep declines in attention in early AD that was strengthened by adjusting for APOE carrier status. Though our approach allowed assessment of the combined effect of multiple components simultaneously, data with a longer follow up period are needed to further evaluate the timing and potential multiple interactions between individual MetS components.
Declines in verbal memory and attention are some of the earliest cognitive changes in AD, often occurring a year or more before diagnosis [43, 55] . As such, measures of these cognitive domains are useful for distinguishing between healthy aging and early stages of dementia [37, 56] . Several other studies have reported associations between MetS and cognitive performance in these particular domains [12] [13] [14] 57] . A comprehensive review of studies suggests that attention and verbal memory were among the domains most frequently assessed and the most frequently associated with MetS [20] .
Insulin and glucose were the two individual MetS components most strongly associated with verbal memory and attention in the present study. Poor verbal memory is the cognitive domain most consistently associated with diabetes in large epidemiological studies [58, 59] . In non-diabetics, verbal memory and attention have been shown to be impaired during an oral glucose challenge with a magnitude similar to impairment seen in diabetics [60] .
In our early AD group, higher insulin predicted better verbal memory at the two year follow up, while higher glucose predicted more rapid declines in attention over two years. Previous research suggests that both increases and decreases in glucose can alter cognitive function [44] . Hyperinsulinemia may be a compensatory process to maintain normal glucose concentrations and often precedes overt diabetes [44] . Our failure to confirm several other studies that demonstrate a positive association between NCEP defined MetS and cognitive performance in healthy older adults [12-14, 27, 28, 57, 61] may be due to our exclusion of diabetics. Only two other published studies have evaluated the role of MetS in cognitive performance or dementia risk among healthy older adults without diabetes [15, 16] . Neither study found an association between NCEP defined MetS and cognitive performance or risk of dementia. Among three studies finding no association of NCEP defined MetS with dementia risk [16] [17] [18] , two reported that hyperin-sulinemia was associated with higher risk of dementia including AD, vascular dementia, and MCI [16, 17] lending support to our finding that high insulin levels were associated with poor cognitive performance in healthy older adult controls. In contrast to our find-ings, Gatto and colleagues reported that hypertension was the only MetS risk factor independently associated with cognitive performance in their study which also excluded diabetics. Differences in our results may be related to differences in the rates of hypertension in the two samples, or differences in cognitive domains assessed. Further research comparing individuals with and without diabetes is needed to clarify the role of individual MetS components and cognitive performance.
Several limitations of our study should be noted. Our relatively small sample size limits our ability to detect relationships, though the factor analytic techniques we used allow estimation of measurement error that might otherwise obscure results. Failing to detect a significant relationship is more likely in this case (i.e., Type 2 error) than finding a relationship that is not truly present (i.e., Type 1 error). It is also possible that our findings are due to idiosyncrasies of the sample, thus replication in other samples is needed to lend support to these findings. Finally, our study did not include moderate or late stage AD, thus we cannot draw conclusions regarding metabolic features in later stages of the disease.
Our study offers unique contributions, particularly in our methodological approach and inclusion of APOE ε4 carrier status. We compared several approaches to measurement of MetS including traditional cutoff scores, continuous measures, and a combined MetS factor score. We compared the clustering of MetS components in individuals with and without early AD using multiple group tests of invariance. Finally, no previous studies have compared cases and controls longitudinally to evaluate the differential influence of MetS on cognitive decline across groups. Our findings are consistent with the few previous longitudinal studies of MetS and cognitive performance, of which all three reported that elevated glucose or diabetes was related to poorer cognitive outcomes [12, 27, 28] .
Our results have several implications for clinical practice. First, they suggest consideration of multiple systems in combination rather than in isolation when evaluating risk for disease and cognitive decline. Second, they imply that understanding the meaning of biomarker levels may require consideration of change relative to the patient's own previous levels (e.g., mid-life or premorbid levels). This knowledge may add value over and above the exclusive use of standard cutoff criteria for hypertension, hyperlipidemia, obesity, and diabetes and help improve detection of pre-clinical stages of disease and simultaneous dysregulation of multiple systems. Finally, knowledge of an individual's APOE genotype may allow for more individualized assessment of risk associated with MetS and cognitive decline.
Regardless of whether MetS components are independent or interactive, each component (body mass, blood pressure, cholesterol, insulin regulation) is mod-ifiable with health behaviors and lifestyle choices. For patients seeking to maintain cognitive function and reduce risk of myriad chronic illnesses, diet and exercise for example may be effective preventive strategies, especially in mid-life or stages prior to disease onset, to prevent systems dysregulation that has already begun by the earliest stages of dementia. Understanding the individual and combined influences of MetS on cognitive performance requires a careful methodological approach. In combining individual components, it should not be assumed that each contributes equally. Attention to timing of measurement is needed to capture the non-linear changes in MetS and its relationship to cognitive outcomes. Further research using long term follow up is needed to explore the timing and interactions of individual components over age and with the progression of disease. Table 1 Baseline and follow up participant characteristics by Alzheimer's disease (AD) status 42 (58) 45 (60) 0.87
35 (53) 33 ( Standardized loadings (λ) reflect the strength of the relationship of each item with the shared cognitive factor. Similar to a correlation coefficient (range 0.00-1.00), a higher number indicates a stronger association. Table 4 Standardized regression coefficients (β (p-value)) predicting cognitive performance Standardized regression coefficients (β (p-value)) predicting cognitive performance from individual MetS components 
